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Mediates Histone H3 Methylation and Recruitment
of Silencing Factors and Cohesin to an Ectopic Site
meres. Recruitment of Rad21-cohesin underscores the
link between heterochromatin and chromatid cohesion
and indicates that these centromeric elements act inde-
pendently of kinetochore activity to recruit cohesin.
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IntroductionUnited Kingdom
2 Department of Biochemistry
Faithful chromosome segregation requires an activeSt. Jude Children’s Research Hospital
centromere, a highly specialized region of chromatin332 North Lauderdale Street
that recruits kinetochore proteins to mediate spindleMemphis, Tennessee 38105
attachment. DNA sequence requirements for centro-3 Wellcome/CR-UK Institute
mere function vary widely, from 120 bases in Saccharo-Tennis Court Road
myces cerevisiae to several megabases in humansCambridge CB2 1QR
(reviewed in [1]). Kinetochores in many metazoans as-United Kingdom
semble on highly reiterated sequences associated with
centromeres. The importance of these repeats is high-
lighted by the finding that human -satellite repeats can
Summary trigger de novo kinetochore assembly [2, 3].
Much of the repetitive centromeric DNA in metazoans
Background: Metazoan centromeres are generally com- is assembled into heterochromatin composed of
posed of large repetitive DNA structures packaged in hypoacetylated nucleosomes, which are methylated on
heterochromatin. Similarly, fission yeast centromeres lysine 9 of histone H3 (K9-H3), and coated in Heterochro-
contain large inverted repeats and two distinct silenced matin Protein 1 (HP1) [4–8]. Several studies have sug-
domains that are both required for centromere function. gested that this centromeric heterochromatin has an
The central domain is flanked by outer repetitive ele- innate ability to hold sister chromatids together until
ments coated in histone H3 methylated on lysine 9 and the metaphase to anaphase transition and thus protect
bound by conserved heterochromatin proteins. This against premature sister chromatid separation and an-
centromeric heterochromatin is required for cohesion euploidy [9].
between sister centromeres. Defective heterochromatin The fission yeast Schizosaccharomyces pombe pro-
causes premature sister chromatid separation and chro- vides a genetically tractable haploid organism with com-
mosome missegregation. The role of cis-acting DNA plex centromere organization. Fission yeast centro-
sequences in the formation of centromeric heterochro- meres contain repetitive elements (outer repeats: dg/dh
matin has not been established. also known as K) that are required for the formation of
Results: A deletion strategy was used to identify cen- functional centromeres and are packaged in heterochro-
tromeric sequences that allow heterochromatin forma- matin [10–12]. Reporter genes inserted within centro-
tion in fission yeast. Fragments from the outer repeats meric heterochromatin are silenced, and the integrity
are sufficient to cause silencing of an adjacent gene of centromeric heterochromatin is required for normal
when inserted at a euchromatic chromosomal locus. chromosome segregation [13–16].
This silencing is accompanied by the local de novo Recent studies have begun to elucidate the mecha-
methylation of histone H3 on lysine 9, recruitment of nisms involved in forming and propagating silent centro-
known heterochromatin components, Swi6 and Chp1, meric chromatin in fission yeast. Centromeric hetero-
and the provision of a new strong cohesin binding site. chromatin is hypoacetylated on the N termini of histone
In addition, we demonstrate that the chromodomain of H3 and H4 [12]. Methylation of K9-H3 by Clr4 (ortholo-
Chp1 binds to MeK9-H3 and that Chp1 itself is required gous to Su[var]39) [17, 18] forms a binding site for the
for methylation of histone H3 on lysine 9. chromodomain of the HP1 homolog, Swi6 [19]. Rik1 is
Conclusions: A short sequence, reiterated at fission also required for Swi6 localization [16] and is necessary
yeast centromeres, can direct silent chromatin assembly for Clr4-mediated H3-K9 methylation [20]. Additional
and cohesin recruitment in a dominant manner. The het- factors including the chromodomain protein, Chp1, and
erochromatin formed at the euchromatic locus is indis- histone deacetylases Clr3 and Clr6 also contribute to
tinguishable from that found at endogenous centro- the formation of this silent centromeric heterochromatin
[14, 21–23]. These heterochromatic domains flank the
central region where kinetochore-specific proteins such4 Correspondence: robin.allshire@ed.ac.uk
5 Present address: Department of Genetics, Case Western Reserve as CenpA/Cnp1 and Mis6 associate [21, 24, 25]. Methyl-
University, Biomedical Research Building-701, 2109 Adelbert Road, ated K9-H3, Swi6, and Chp1 are not detected in the
Cleveland, Ohio 44106. central domain [20, 21].6 Present address: Wellcome Trust Centre for Cell Biology, ICMB,
Cells lacking Swi6 are defective in attracting cohesinSwann Building, The University of Edinburgh, Mayfield Road, Edin-
to centromeres and fail to maintain cohesion betweenburgh EH9 3JR, United Kingdom.
7 These authors contributed equally to this work. sister centromeres at metaphase [26, 27]. These studies
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suggest a link between the formation of Swi6-dependent
silent chromatin and recruitment of cohesin. Swi6 also
localizes at the silent mating type loci and telomeres,
and Rad21-cohesin also associates with these regions
in a Swi6-dependent manner [26, 27]. It is possible, how-
ever, that cohesin recruitment is dependent on other
unique features of these chromosomal regions such as
kinetochore activity or telomere function.
Here, we test if subfragments from the outer repeats
of the fission yeast centromere can mediate the forma-
tion of silent chromatin at a euchromatic locus residing
160 Kb from a centromere. We demonstrate that a
1.6-Kb fragment of centromeric sequence is sufficient
to silence euchromatin, recruit components of hetero-
chromatin, and to form a strong association site for
Rad21-cohesin.
Results
A Multicopy Plasmid Bearing Centromeric K
Sequence Mediates Silencing Factor-
Dependent Cell Sickness
To determine whether outer repeat DNA from fission
yeast centromeres is sufficient to direct heterochroma-
tin formation, we developed a plasmid-based assay.
We predicted that if DNA sequences from the repetitive
outer repeat domain of the centromere (K) could assem-
ble heterochromatin outwith the centromeric environ-
ment, then additional copies of the K repeat may se-
quester components of heterochromatin and affect cell
viability.
Wild-type cells were transformed with a multicopy
plasmid, pUR19K, bearing a single 6.4-Kb ClaI fragment
“K” sequence from the repetitive outer domain of centro-
mere 3 (otr dgIII/dhIII; [28, 29]). After 4 days, the pUR19K
transformant colony size was remarkably small com-
pared to that obtained by transforming cells with the
pUR19 vector alone. Thus, additional copies of centro-
meric K sequences have a deleterious effect on colony
outgrowth (Figure 1A). Indeed, after 10 days of growth,
colonies bearing multicopy K exhibited a “nibbled” ap-
pearance, indicative of decreased cell viability within
the colony (Figure 1B). Cell toxicity could result from
sequestration of silencing factors from endogenous het-
erochromatic loci. Alternatively, heterochromatin forma-
tion on pUR19K may silence the transcription of the Figure 1. Extra Copies of Centromeric K-Type Repeat Decreases
ura4 marker or affect plasmid replication, precluding Cell Viability
growth of pUR19K cells on selective media. (A) Wild-type (WT) and clr4-S5 cells were transformed with pUR19,
To determine whether known heterochromatin com- an episomal multicopy plasmid, and pUR19K, the same plasmid
bearing the 6.4-Kb K repeat (otr dgIII/dhIII) sequence from centro-ponents contribute to the decrease in cell viability, plat-
mere 3. Plates were incubated at 32C, and colonies were photo-ing experiments were repeated in clr4 mutant cells.
graphed after 4 days of growth on uracil-selective media.clr4 cells formed normal-sized colonies upon pUR19K
(B) Multicopy plasmids pSpARS305 and pSpARS305K bearing the
transformation that were similar to those obtained with K sequence were transformed into wild-type cells. Plates were incu-
the empty pUR19 vector (Figure 1A), and this indicates bated at 32C, and colonies were photographed after 10 days of
that K sequence-mediated toxicity is dependent on growth on leucine-selective media.
(C) Subfragments of K were subcloned into pSpARS305, and thefunctional Clr4.
colony “sickness” of transformants was assessed relative to cellsThe plating assay was repeated with strains bearing
transformed with pSpARS305K after 4 days of growth on leucine-mutations in other silencing factors. All of those tested
selective plates at 32C.(clr1, 2, 3, rik1, and swi6) showed alleviation of the
multicopy K toxicity effect (data not shown), indicating
To map potential K cis-acting elements, plasmidsthat K sequence-induced toxicity is mediated by com-
bearing subfragments of K were tested in the platingponents of heterochromatin and that the K sequence
may nucleate silent chromatin formation. assay (Figure 1C). Several fragments of the K sequence,
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Figure 2. L5 Sequence Causes Transcrip-
tional Silencing of the ura4 Reporter at the
ade6 Locus
(A) A cartoon depicting reporter strains bear-
ing ura4 at the ade6 locus (ade6::ura4) and
the 1.6-Kb L5 element located upstream of
ura4 at ade6 (ade6::L5-ura4).
(B) A comparative growth assay of serially
diluted strains bearing integrated reporters
on nonselective media (N/S), media lacking
uracil (URA), and media containing 5-FOA
(FOA), which is toxic to ura4 cells. The
R.Int::ura4 strain bears a euchromatic inser-
tion of ura4, cen1::ura4 has an insertion of
ura4 at SphI in otr1R of centromere 1 [14],
and all strains carry the transcriptionally ac-
tive minigene ura4-DS/E at the ura4 locus.
(C) A serial dilution growth assay of strains
bearing the ade6::L5-ura4 reporter in wild-
type versus strains with deletions of the clr4,
chp1, rik1, or swi6 genes.
(D) A strategy for the quantitative PCR assay
used in RT-PCR and ChIP experiments. Com-
mon primers amplify products of 694 bp
(ura4 reporter) and 426 bp for the ura4-DS/
E minigene located at the endogenous ura4
locus.
(E) RT-PCR analysis of oligo dT-primed cDNA
from RNA samples from strains bearing the
ade6::L5-ura4 reporter in wild-type and the
indicated gene deletion backgrounds, com-
pared with the fully expressed ade6::ura4
reporter and the silenced ura4 gene inserted
at cen1 otrIR. Expression of ura4 (U) was
compared with ura4-DS/E expression (L) in
each strain by the quantitative PCR assay.
including R3 (BglII–ClaI from the RHS of K) and L5 (ClaI– peat domain of centromere 1 (cen1::ura4) (Figure 2B).
ade6::L5-ura4 cells grew on medium containing FOA,SpeI from the LHS of K), inhibited cell growth when
present at high copy. The 1.6-Kb L5 region was the most whereas ade6::ura4 cells could not, indicating that the
L5 element is sufficient to confer silencing to the ectopictoxic and was chosen for further analysis.
ura4 reporter.
To determine whether silencing mediated by the L5The 1.6-Kb L5 Element Induces “Ectopic
Silencing” When Integrated element was dependent on factors involved in hetero-
chromatin formation, the ade6::L5-ura4 reporter wasat a Euchromatic Locus
We predicted that a bona fide centromeric silencing introduced into swi6, clr4, rik1, and chp1 deletion
strains, and their growth was compared (Figure 2C). Onlyelement should both silence an adjacent reporter gene
at a euchromatic locus and recruit known components wild-type ade6::L5-ura4 cells grew on FOA, indicating
that the level of ura4 expression was increased inof fission yeast heterochromatin, independent of its ge-
nomic location. swi6, clr4, rik1, and chp1 backgrounds.
Quantitative RT-PCR was performed on cDNA gener-To determine whether L5 could silence a euchromatic
reporter gene, an ectopic silencing assay was devel- ated from these strains to measure ura4 expression
from the ade6::L5-ura4 ectopic reporter (U) relative tooped (Figure 2A). The ura4 reporter was integrated at
the ade6 locus on chromosome 3. Expression of the the fully expressed ura4-DS/E minigene at the ura4 locus
(L) (Figure 2D).ectopic ura4 was monitored in the presence (ade6::L5-
ura4) and absence (ade6::ura4) of a single copy of the Figure 2E shows that the ade6::L5-ura4 reporter was
repressed relative to the ade6:: ura4 control, indicatingL5 putative silencing element, on both selective (URA)
and counterselective media (FOA, 5 fluoro-orotic acid, that the L5 sequence can confer dominant silencing
at the ectopic site. Consistent with the plating assays,toxic to ura4 cells). The growth of both strains was
compared with strains carrying a fully expressed ura4 repression of ade6::L5-ura4 was alleviated in swi6,
clr4, rik1, and chp1 backgrounds (Figure 2E). To-reporter (R.Int::ura4) or a ura4 reporter that is tran-
scriptionally silenced by its insertion into the outer re- gether, these data show that the L5 fragment is sufficient
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to silence a reporter gene at a euchromatic locus. Fur-
thermore, silencing is dependent upon known hetero-
chromatin components.
Ectopic Reporter Chromatin Is Methylated
on Lysine 9 of Histone H3
Since silencing mediated by the L5 element is Clr4 de-
pendent, it is likely that Clr4 histone H3 methylase acts
at the ectopic site. To test this, quantitative chromatin
immunoprecipitation (ChIP) assays were performed to
assess enrichment of ade6::L5-ura4 relative to the
ura4-DS/E minigene (L) by using antibodies that specifi-
cally recognize methylated K9 of histone H3 [30] (MeK9-
H3). ChIP was performed on strains bearing the
ade6::L5-ura4 reporter in both wild-type and clr4
backgrounds (Figure 3A). The L5 sequence clearly at-
tracts Clr4 methyltransferase activity, since a Clr4-
dependent enrichment of the ade6::L5-ura4 reporter
(U) was observed in the anti-MeK9-H3 immunoprecipi-
tates (ip), compared with the total input chromatin (T),
which was dependent on the presence of the L5 se-
quence. Thus, the L5 sequence exerts a dominant effect
on surrounding chromatin by promoting recruitment of
the Clr4 histone methylase.
The presence of MeK9-H3 on the ade6::L5- ura4
reporter was also assessed in swi6, rik1, and chp1
backgrounds. The methylation of centromeric chromatin
on K9-H3 is dependent on Rik1, but not Swi6 [20]. MeK9-
H3 is clearly maintained at the ectopic site in the ab-
sence of Swi6 (Figure 3B), but it is lost in rik1 cells.
Thus, as at centromeric regions and the silent mating
Figure 3. L5 Sequence Directs Histone H3 K9 Methylation at thetype locus [20], Rik1 is required for Clr4 histone methyl-
Ectopic Locustransferase activity at the ectopic locus. Intriguingly,
(A) Chromatin immunoprecipitation was performed with the anti-MeK9-H3 was found to be lost from the ectopic reporter
methyl K9 histone H3 antibody on strains with L5 inserted next toin chp1 cells. The involvement of Chp1 in mediating
ura4 at the ade6 locus (ade6::L5-ura4), which were wild-type, or
H3-K9 methylation was also checked at centromeres stains in which the clr4 gene was deleted (clr4). Wild-type cells
(Figure 3C). Anti-MeK9-H3 antibodies efficiently immu- lacking the L5 silencing element are included as a control. Cells
were fixed with 3% pFA for 30 min at 18C, and chromatin wasnoprecipitated ura4 inserted within the outer repetitive
prepared and sonicated to 500–1000 bases on average. After rever-domain of centromere 1 (cen::ura4) from chp1 cells,
sal of crosslinking, quantitative radiolabeled PCR was used to quan-but not from chp1 cells. Thus, Chp1, like Rik1, acts to
tify the enrichment of ura4 (U) in immunoprecipitated material (ip)either target Clr4 to sites of heterochromatin or acts as
relative to total extract (T), which was normalized to the level of
an essential cofactor for the histone methylase activity ura4-DS/E (L) in each track after electrophoresis through a 4% poly-
of Clr4 in vivo. acrylamide gel. Quantification was performed by Storm phospho-
imager (Molecular Dynamics) analysis of dried gels with ImagequantTo further dissect the ectopic silencer, subfragments
software.of the L5 sequence were tested. The 1-Kb L4 fragment
(B) ChIP was performed as above (Figure 3A) by using anti K9 methylwas active in the cell plating assay (Figure 1C) and con-
H3 antibody to immunoprecipitate chromatin prepared from strainsfers a similar level of silencing as L5 to an adjacent
bearing the ade6::L5- ura4 reporter but which were either wild-
ura4 marker when inserted at the euchromatic ade6 type or had the swi6, chp1, or rik1 genes deleted as indicated.
locus (Figure 4A). In addition, ChIP analysis demon- A wild-type strain lacking the L5 silencing element is included for
comparison. All strains contain the ura4-DS/E minigene at ura4 asstrated that the L4-silenced ura4 is coated in MeK9-
an internal controlH3 chromatin (Figure 4B). Thus, a 1-Kb fragment of the
(C) Histone H3 methylation on lysine 9 at cen1 otr1R SphI::ura4K repeat, L4, is as effective as the 1.6-Kb L5 fragment
(cen::ura4) is dependent on Chp1. ChIP with anti-methyl lysine 9at silencing a euchromatic reporter gene and recruiting
histone H3 antibody was performed as in Figure 3B on strains with
Clr4 methylase activity. ura4 at cen1 (cen1::ura4) in the WT strain or the chp1 deletion
strain (chp1).
L5 Sequences Attract Heterochromatic
Silencing Factors
Methylation of K9-H3 allows binding of Swi6 by its chro- Swi6 was indeed recruited by the L5 sequence (Fig-
ure 5A).modomain [19]. L5-mediated silencing is Swi6 depen-
dent, and L5 induces methylation of K9-H3 on the adja- Swi6 association with centromeric heterochromatin is
lost in clr4 and rik1 mutant backgrounds [20, 21]. Tocent ura4 gene. This suggests that Swi6 might also be
recruited via L5 sequences. ChIP analyses revealed that test whether the same rules govern Swi6 association
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meric sites was clearly lost in chp1 cells (Figure 5B).
Thus, Chp1 is required for the normal association of
Swi6 with regions of silenced chromatin at the centro-
mere, as well as at the ectopic site.
Chp1 and Swi6 show a similar association profile
across centromere 1 [21]. We therefore employed ChIP
analyses to determine if Chp1 associates with the
ade6::L5-ura4 reporter. Figure 5C shows that func-
tional, tagged Chp1 (Chp1-6xMyc) associates with the
L5-ura4 reporter, and, as at centromeres, Chp1 associ-
ation with ade6::L5-ura4 was Rik1 dependent [21].
Thus, the requirements for Chp1 binding at the ectopic
site reflect those for binding at centromeric heterochro-
matin.
The dependence of Chp1 association on Clr4 and
Rik1 activity (demonstrated here and in [21]) and the
presence of an N-terminal chromodomain in the Chp1
protein raised the possibility that, like Swi6, Chp1 may
bind to MeK9-H3. To test this, a GST fusion with the
chromodomain (CD) of Chp1 was generated, and bind-
ing of the fusion protein was tested by surface plasmon
resonance (SPR) to K4 or K9 dimethylated histone H3
peptides (residues 1–16). GST-Swi6CD was used as a
positive control for these experiments, as it binds prefer-
entially to the MeK9-H3 peptide ([19], data not shown).
GST-Chp1-CD interacted specifically with the MeK9-H3
peptide (Figure 5D).
Similar assays with the Clr4 chromodomain showed
no specific association of GST-Clr4-CD with either pep-
tide (Figure 5D). Therefore, unlike the chromodomains
of Swi6 and Chp1, the Clr4 chromodomain fails to asso-
ciate with K9 methylated histone H3 tails in vitro.
L5 Sequence Creates a Cohesin Binding Site
Recently, it was shown that heterochromatin is impor-Figure 4. A 1-Kb L4 Sequence Promotes Silencing and Recruits
Histone H3 K9 Methyltransferase Activity to Ectopic Reporter tant for cohesion between sister centromeres in fission
(A) RT-PCR analysis of cDNA from RNA of strains bearing yeast [26, 27]. In particular, Swi6 is required for associa-
ade6::ura4, ade6::L5-ura4, and the 1-Kb putative silencing ele- tion of Rad21, a conserved cohesin subunit, with centro-
ment, L4 (ade6::L4-ura4), reporters. Quantification was performed meric regions. Is the patch of silent chromatin formed
as in Figure 2 by using competitive PCR to measure ura4 (U) and
by L5 at the ade6 locus sufficient to recruit Rad21? ChIPura4-DS/E (L) transcripts and was expressed as a ratio of U/L relative
assays with functional, tagged Rad21 (Rad21-3xHA;to 100% expression driven by the ade6::ura4 reporter. RT  re-
[26]) demonstrated that Rad21-3xHA is recruited to theverse transcriptase.
(B) ChIP with anti-methyl lysine 9 histone H3 antibody was per- ectopic reporter (Figure 5E). Furthermore, association
formed as in Figure 3 on strains with the L5 (1.6 Kb) or L4 (1 Kb) of Rad21-3xHA with the ectopic site is dependent on
fragments inserted adjacent to the ura4 gene at the ade6 locus. the presence of Swi6. A similar decline in Rad21-cohesin
association is seen over the centromeric outer repeats in
the absence of Swi6 [26]. This underscores the inherentwith the ectopic site, Swi6 immunoprecipitation was per-
ability of Swi6-dependent silent chromatin to form aformed on cells bearing the ade6::L5-ura4 reporter
platform for cohesin binding outside the context of aconstruct but lacking Clr4 or Rik1 (Figure 5A). As seen
functional centromere. Thus, the recruitment of Rad21-at centromeres, association of Swi6 with ade6::L5-ura4
cohesin to outer repeat sequences from the centromereis dependent on the presence of both Clr4 and Rik1.
is independent of kinetochore activity.This suggests that Swi6 recruitment via the ectopic L5
silencer recapitulates the association of Swi6 with en-
dogenous heterochromatic sites. Discussion
Deletion of chp1 causes loss of silencing and MeK9-
H3 at both the ectopic site and endogenous centro- Our studies demonstrate that short sequences from the
outer repeats of centromere 3 (1–1.6 Kb from dg, partmeres (Figures 3B and 3C; [21]). These observations
suggested that, in cells lacking Chp1, the association of of the K repeat) efficiently induce heterochromatin for-
mation when integrated at a euchromatic locus. TheSwi6 with heterochromatic regions might be disrupted.
Swi6 ChIP analyses revealed that Swi6 failed to associ- minimal 1-Kb (L4) active element is present in multiple
copies at all three centromeres [31, 32]. This sequenceate with the ade6::L5-ura4 reporter in chp1 cells (Fig-
ure 5A). In addition, Swi6 association with two centro- constitutes part of the minimal centromeric K repeat
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Figure 6. A Working Model to Summarize the Data Discussed
Chp1 and Rik1 act with Clr4 histone H3 methyltransferase to pro-
mote methylation (Me) of histone H3 K9 in the vicinity of the ectopic
silencer. K9 methylation allows binding of Chp1, which may lead to
spreading of subsequent methylation events along the chromatin
fiber. Methyl K9-H3 also allows binding of Swi6, and the formation
of mature silent chromatin results in the recruitment of cohesin.
Direct interactions between Chp1, Clr4, and Rik1 are for illustrative
purposes only.
fragment that, when coupled with an appropriately posi-
tioned central core domain, efficiently confers both mi-
totic and meiotic centromeric activity to a circular mini-
chromosome [33]. Interestingly, several DNA binding
(otr1R::ura4) (imr1R:: ura4) . A negative control with ura4 inserted
at a euchromatic site is included for comparison (R.int::ura4).
(C) Anti-Myc antibodies were used to immunoprecipitate chromatin
from cells bearing Chp1-6xMyc. In addition, strains contained the
ade6::L5-ura4 reporter in wild-type or rik1 backgrounds. Strains
with ura4 inserted at ade6 (ade6:: ura4) are included as a negative
control.
(D) Surface plasmon resonance was used to detect interactions
Figure 5. Conserved Heterochromatic Silencing Factors and between immobilized histone H3 peptide dimethylated on lysine 9
Cohesin Are Recruited to the Ectopic Locus by L5 Sequence, and (solid line) or lysine 4 (dotted line) and the chromodomains of Chp1
Chp1 Is Required for Methylation of Histone H3 on Lysine 9 or Clr4 expressed as fusion proteins with glutathione-S-transferase
(GST) and purified from E. coli.(A) ChIP was performed with Swi6 antibodies on strains with L5
inserted adjacent to ura4 at the ade6 locus. The ratio of ura4 to (E) The L5 element promotes recruitment of Rad21-cohesin. Anti-
HA antibodies were used to immunoprecipitate chromatin from cellsura-DS/E control was compared in total (T) versus immunoprecipi-
tated (ip) chromatin. Strains were wild-type, swi6, clr4, rik1, and in which rad21 was tagged with three copies of the HA epitope
at the endogenous locus and which contained the ade6::L5-ura4chp1. The control is a strain with ura4 inserted at otr of cen1
(cen::ura4). reporter in an otherwise wild-type or swi6 background. ura4 in-
serted at ade6 without the L5 silencing element is included as a(B) ChIP was performed as in Figure 5A with Swi6 antibodies on
wild-type or chp1 strains with ura4 inserted at otr or imr of cen1 negative control (ade6::ura4). The ratio of ip/T is shown.
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activities interact with regions of the L5 fragment used [44]. Lastly, chromosome rearrangements that place
blocks of Drosophila heterochromatin interstitially alonghere [33, 34]. It is possible that these include the CENP-
B-like proteins, Abp1 and Cbh1, which have recently a chromosome remain in close proximity on metaphase
spreads [45].been shown to interact with outer repeat chromatin in
vivo and to affect silencing [35, 36]. Here, a situation has been created in fission yeast
that mimics interstitial heterochromatic blocks on higherIn addition to the centromeric K repeats, there is a
K-like region (mat-K) at the mating type locus [37]. A eukaryotic chromosomes and provides a useful tool for
the further dissection of silent chromatin without the3.6-Kb fragment of mat-K confers weak repression to a
downstream reporter gene, and some silencing activity influences of neighboring structures, such as the kineto-
chore or telomeres. In addition to pinpointing a rolewas induced by a 580-bp subfragment from this region
[38]. This 580-bp region shows no significant homology for Chp1 in histone H3 lysine 9 methylation and the
subsequent recruitment of Swi6, the ectopic silencingwith the L5 element and causes only weak silencing in
contrast to the strong silencing mediated by L5. To- assay has confirmed that centromeric heterochromatin,
even when divorced from the active centromere andgether these data indicate that there is redundancy in
the primary DNA sequences that are capable of forming its kinetochore, recruits Rad21-cohesin. We therefore
conclude that the assembly of centromeric heterochro-silent heterochromatin at an ectopic site.
Silencing mediated by the L5 and L4 sequences was matin is alone sufficient to allow the recruitment of
Rad21-cohesin and presumably the cohesion of sisterfound to be dependent on Clr4, and both sequences
efficiently recruited Clr4 methyltransferase activity to chromatids.
promote local methylation on K9-H3. In addition, we
Experimental Proceduresfound that K9-H3 methylation at both centromeric and
ectopic sites was dependent upon Chp1. The role of
Plasmid DNAs
Chp1 in promoting methylation of K9-H3 is unclear. It pSpARS305 is a multicopy shuttle vector bearing an S. pombe ars1
may act to target Clr4 to centromeric loci, or to recruit and an S. cerevisiae LEU2 gene [46] . The 6.4-Kb ClaI fragment of
a histone deacetylase activity necessary for removal of a K repeat from centromere 3 (from Louise Clarke, [32]) was sub-
cloned into this vector to generate pSpARS305K, and pSpARS305acetyl groups prior to K9-H3 methylation.
plasmids bearing derivatives of K were generated by subcloning.K9 methylation of the histone H3 tail provides a bind-
pUR19K was derived by subcloning the 6.4-Kb ClaI K fragment intoing surface for the chromodomains of both Chp1 and
pUR19 [47].
Swi6 in vitro, and the association of these proteins with pEN103 was prepared as follows: 1.4 Kb of ura4 (187bp to
chromatin is dependent on Clr4 and Rik1 in vivo ([16, 1.24kb) was cloned into the EcoRV and HindIII sites of pBluescript.
19–21] and this study; summarized in Figure 6). Interest- A 3 ade6 fragment (836–2168) was cloned into a downstream HindIII
site. This plasmid was linearized by partial digestion with HindIIIingly, although chp1 alleviates both centromeric and
and was blunt-end repaired with Klenow fragment, and the 5 ade6ectopic silencing [21, 39], it has little impact on silencing
fragment (875 to 22) was inserted between the ura4 gene andat two sites tested within the mating type locus, or at a
the ade6 3 fragment. Plasmid KS203 was generated by releasing
telomeric site [39]. This suggests that, although Chp1 the 1.6-Kb L5 fragment from the pSpARS305-L5 vector with BamHI
is clearly required for Clr4 histone methylase activity at and NotI and cloning this fragment into BamHI/NotI polylinker sites
centromeric loci (Figure 3), Clr4-mediated H3 methyla- upstream of the ura4 gene in pEN103. KS203 was digested with
HindIII and was religated to remove the 0.6-Kb ClaI–HindIII fragmenttion at the mating type locus may be Chp1 independent.
of L5 and to maintain the 1-Kb HindIII–KpnI portion (L4) upstreamThus, the role of Chp1 in heterochromatin formation may
of ura4 in KS17.be locus specific, and Chp1 may only participate in the
GST fusion protein plasmids were generated by PCR amplification
assembly of silent chromatin triggered by centromeric of a sequence corresponding to the chromodomains (amino acids
sequences. This apparent specificity of factors in form- 9–76 of Chp1, and 5–59 of Clr4) with primers bearing BamHI and
ing heterochromatic structures at different loci has also EcoRI sites. Isolated fragments were cloned in frame with GST into
pGEX-GK [48], and the integrity of cloned DNA was verified by se-been suggested by individual clr4 mutant alleles that
quence analysis. PGEX-Swi6CD has been previously described [49].displayed different levels of histone H3 methylation at
various silent loci [20].
Fission Yeast StrainsThe formation of silent heterochromatin at the ectopic
K plasmid cell plating assays were performed in a wild-type strain
locus is sufficient for the recruitment of cohesin, demon- bearing the ura4-DS/E allele at ura4 (FY 489) and strains bearing
strating, as seen previously in studies of Drosophila mini- alleles of swi6-115, rik1-304, clr4-S5, clr1-5, clr2-E22, and clr3-E36,
chromosomes [40], a separation of cohesion from kineto- which all had ura4-DS/E at ura4 (described in [14]). To generate the
reporter strains ade6::ura4, ade6::L5-ura4, and ade6::L4-ura4,chore function. Several observations have suggested
respectively, the plasmid vectors pEN103, KS203, and KS17 werethat heterochromatin has an innate ability to mediate
transformed into strain FY 106 (ade6, ura4), and integration ofcohesion between sister chromatids. In mammalian
the reporter at the ade6 locus was verified by PCR.
cells, centromeres with large blocks of heterochromatin These strains were then crossed with FY 4133 to introduce the
appear to be “stickier” and separate later in anaphase ura4-DS/E minigene at ura4 and to generate isogenic his3, arg3,
than centromeres with less pronounced heterochroma- and leu1-32 backgrounds. Deletions of several genes (rik1, chp1,
swi6, and clr4) were introduced by crossing strains with rik1-tin [41]. Hamster chromosomes containing amplified hu-
LEU2 [17], chp1his3 [21], swi6arg3, and clr4LEU2. swi6-man -satellite sequences show delayed sister chroma-
arg3 was generated by replacement of the swi6 open readingtid separation [42]. Titration of heterochromatin factors
frame with the arg3 marker, and clr4LEU2 was generated byinduces the premature separation of a Drosophila mini-
replacing ura4 in clr4ura4 [19] with LEU2 by PCR generation of
chromosome [43]. The inactive centromere of a human deletion alleles and transformation. Chp1-6xMyc- [21] and Rad21-
dicentric chromosome retains HP1 and separates after 3xHA-tagged [26] proteins were introduced by crossing and select-
ing for LEU2 and KanR, respectively.the chromosome arms but before the active centromere
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1659
Peptides and Surface Plasmon Resonance (SPR) Construction of YAC-based mammalian artificial chromosomes.
Nat. Biotechnol. 16, 431–439.Histone H3 peptides were synthesized as previously described [19]
and have dimethyl lysine incorporated at K4 or K9. SPR was per- 4. Jeppesen, P., and Turner, B.M. (1993). The inactive X chromo-
some in female mammals is distinguished by a lack of histoneformed as described [19] by using GST fusion CD proteins ex-
pressed in bacteria and purified as described [19]. The recombinant H4 acetylation, a cytogenetic marker for gene expression. Cell
74, 281–289.Chp1 CD was very labile; freshly prepared protein was used for
these experiments, as activity was lost upon freezing. 5. Maison, C., Bailly, D., Peters, A.H.F.M., Quivy, J.-P., Roche, D.,
Taddei, A., Lachner, M., Jenuwein, T., and Almouzni, G. (2002).
Higher-order structure in pericentric heterochromatin involves aChromatin Immunoprecipitation and RNA Analysis
distinct pattern of histone modification and an RNA component.Chromatin immunoprecipitation on fixed chromatin using affinity
Nat. Genet. 30, 329–334.purified Swi6, anti-Myc (9E10, Santa Cruz), and anti-HA (12CA5)
6. Jacobs, S.A., Taverna, S.D., Zhang, Y., Briggs, S.D., Li, J., Eis-antibodies was performed as previously described [21] by using
senberg, J.C., Allis, C.D., and Khorasanizadeh, S. (2001). Speci-competitive PCR of ura4 to quantify enrichment as described [12,
ficity of the HP1 chromo domain for the methylated N-terminus21]. The PCR product to detect ura4 encompasses positions 270–
of histone H3. EMBO J. 20, 5232–5241.964 of the 1.46-Kb BspHI-HindIII fragment containing the ura4
7. Wreggett, K.A., Hill, F., James, P.S., Hutchings, A., Butcher,gene. This product lies 330 bp from the 3 end of the L5 silencer
P.W., and Singh, P. (1994). A mammalian homologue of Dro-and is 268 bases shorter in the ura4-DS/E allele. The anti-methylated
sophila heterochromatin protein 1 (HP1) is a component of con-K9 histone H3 antibody [30] recognizes both di- and tri-methylated
stitutive heterochromatin. Cytogenet. Cell Genet. 66, 99–103.K9 of histone H3 (T. Jenuwein, personal communication). A total of
8. Minc, E., Allory, Y., Worman, H.J., Courvalin, J.C., and Buendia,20 l crude sera was used for each ChIP experiment with an extract
B. (1999). Localization and phosphorylation of HP1 proteinsfrom 2.5 	 107 cells. Similar results were obtained with anti-K9
during the cell cycle in mammalian cells. Chromosoma 108,methyl H3 antibody from Upstate Biotechnology.
220–234.RNA analysis was performed as previously described [21].
9. Bernard, P., and Allshire, R.C. (2002). Centromeres become un-
stuck without heterochromatin. Trends Cell Biol. 12 419–424.Cell Growth Assays
10. Hahnenberger, K.M., Carbon, J., and Clarke, L. (1991). Identifi-Serial Dilution Assay of Cell Growth
cation of DNA regions required for mitotic and meiotic functionsSerial (1:5) dilutions of cultures grown overnight in YES media at
within the centromere of Schizosaccharomyces pombe chro-25C to 5 	 106 cells/ml were spotted onto PMG complete media,
mosome 1. Mol. Cell. Biol. 11, 2206–2215.PMG complete media supplemented with 2 g/L FOA (FOA), or PMG
11. Takahashi, K., Murakami, S., Chikashige, Y., Funabiki, H., Niwa,media lacking uracil (URA), and cultures were grown for 4 days
O., and Yanagida, M. (1992). A low copy number central se-at 25C; 3 	 103 cells were contained in the first spot.
quence with strict symmetry and unusual chromatin structureCell Plating Assay
in fission yeast centromere. Mol. Biol. Cell 3, 819–835.Wild-type (WT) or clr4-S5 (or other mutant) cells were transformed
12. Ekwall, K., Olsson, T., Turner, B.M., Cranston, G., and Allshire,with pUR19 and pUR19K, and growth was assessed after 4 days
R.C. (1997). Transient inhibition of histone deacetylation altersat 32C on URA-selective PMG media. WT cells were transformed
the structural and functional imprint at fission yeast centro-with pSpARS305 derivatives, and growth was monitored after 4 days
meres. Cell 91, 1021–1032.at 32C. Extended periods of growth led to the appearance of ragged
13. Allshire, R.C., Javerzat, J.P., Redhead, N.J., and Cranston, G.edge colonies. Media are essentially as described [14].
(1994). Position effect at fission yeast centromeres. Cell 76,
157–169.
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